Anterograde or retrograde perfusion of rat liver with digitonin selectively permeabilizes the periportal or the perivenous zone of the hepatic lobule. Digitonin perfusion is used to analyze the effluents released by permeabilized hepatocytes or, combined with collagenase perfusion, to obtain cell suspensions enriched in either periportal or perivenous hepatocytes. Despite the wide use of digitonin to study lobular heterogeneity, its affects on rat hepatocytes are not well documented. We therefore analyzed the effects of digitonin perfusion on the intracellular content of rat hepatocytes by combining electron microscopy, histoenzymology, immunohistochemistry, and in situ hybridization. At the concentration currently used for the study of lobular heterogeneity, digitonin perfusion induced a marked cytosolic clarification of permeabilized hepatocytes, while most organelles except mitochondria were well preserved. In the digitonin-altered zones, there was no histochemical detection of non-membrane-bound enzymes (lactate dehydrogenase, glutamate dehydrogenase), wheteas membrane-bound
Introduction
The mammalian liver is organized into functional units containing one cenuilobular vein and limited by several portal spaces. Each functional unit constituting a lobule (or an acinus in Rappaport's concept of liver architecture) comprises three distinct zones, periportal, mediolobular, and perivenous which, in the acinus concept, are referred to as Zones 1,2, and 3. Heterogeneity in enzyme content, membrane transport properties, and metabolic activities exists between periportal and perivenous hepatocytes of the same hepatic lobule (1) . Recently, the existence of lobular heterogeneity in the expression of certain plasma proteins and their corresponding mRNAs has been demonstrated in our laboratory (2, 3 were still detected. Immunohistochemistry and in situ hybridization revealed significant amounts of several plasma proteins (albumin, az-macroglobulin, al-inhibitor 3, alacid glycoprotein) and their respective "As in digitoninpermeabilized hepatocytes. The demonstration that digitonin-permeabilized hepatocytes retain many intracellular constituents shows that biochemical analysis of cellular eMuents released from digitonin-permeabilized hepatocytes must be interpreted with caution and that the apparent characteristics of cell suspensions obtained by the digitonincollagenase technique might be significantly altered by contamination with permeabilized hepatocytes from the opposite zone. (J Histochem Cytochem 41:991-1001 , 1993 KEY WORDS: Rat liver; Lobular heterogeneity; Digitonin-collagenase technique; Histoenzymology; Immunohistochemistry; In situ hybridization. study of intralobular metabolic heterogeneity in rat liver has long been hampered by the lack of efficient tools. Digitonin, a membrane-permeabilizing detergent that complexes with membrane cholesterol (4). has recently gained wide acceptance as a preparative agent for biochemical and cellular analyses of zonal hepatocytes. The principle of the technique is to selectively permeabilize either periportal or perivenous hepatocytes by perfusing digitonin by, respectively, the portal vein (anterograde perfusion) or the caudal vena cava (retrograde perfusion). Digitonin perfusion induces severe macroscopic and histological lesions which are used to evaluate the extent of lobular permeabilization. Digitonin is employed in two distinct applications. Digitonin petfusion alone is used to obtain cellular effluents from permeabilized hepatocytes, making it possible to compare the biochemical characteristics of perivenous and periportal cells ( 5 ) . Digitonin perfusion combined with subsequent collagenase perfusion, the so-called digitoninxollagenase technique, makes it possible to isolate the intact hepatocytes to obtain cell suspensions enriched in either perivenous or 991 periportal hepatocytes and suitable for primary cultures (6-8). The use of digitonin in those two applications is based on the following assumptions: (a) the cellular content of permeabilized hepatocytes is fully and consistently extracted, and (b) the effect of digitonin on the cellular content of hepatocytes is strictly limited to the permeabilized cells, whereas morphologically unaltered hepatocytes retain their normal biochemical characteristics. However, the effects of digitonin perfusion on rat liver cells are too poorly documented for considering those assumptions to be reliably founded. We were therefore prompted to analyze the effects of digitonin permeabilization on rat hepatocytes by investigating their ultrastructural appearance and by waluating their intracellular content of selected enzymes, proteins, and mRNAs.
Materials and Methods

Animals
Male Sprague-Dawley rats (180-200 g) . fed ad libitum, were used throughout the study. Ten animals were subjected to anterograde (n = 5 ) or retrograde (n = 5 ) digitonin perfusion. Fur animals were perfused with buffer alone by either the portal vein (n = 2) or the caudal vena cava (n = 2) and served as controls. All animals were anesthetized with pentobarbital IP.
Digitonin Perfusion and Tissue Processing
Digitonin perfusion was performed essentially as described by Quistorff (6) . Briefly, the liver was perfused for 10 min at 35°C with Krebs-Heinseleit bicarbonate buffer (equilibrated with 95%/5% 02/C02). A solution of 0.4% digitonin in Krebs-Heinseleit bicarbonate buffer (Prolabo; Paris, France) was then infused at a rate of 10 mllmin for 20 sec through either the portal vein or the caudal vena cava. The flow direction was then reversed and increased to 20 mllmin to eliminate residual digitonin. Five minutes later a part of the median lobe was excised. One part was immediately frozen in liquid nitrogen for histoenzymology; the remainder was fixed by immersion in 2.5% glutaraldehyde, 0.1 M phosphate buffer, pH 7.4, for electron microscopy. The remaining liver was fixed in situ by perfusing a solution of 4% paraformaldehyde in phosphate buffer for 5 min. Tissue samples were dehydrated and embedded in paraffin for histological examination, immunohistochemistry, and in situ hybridization (9).
Histology and Electron Microscopy
Tissue samples were processed for histological and ultrastructural examinations according to standard techniques. For histological examination, 4-pm thick sections were stained with hematoxylin and eosin. For ultrastructural examination, small pieces of glutaraldehyde-fixed tissue were post-fixed in 1% osmium tetroxide, dehydrated in graded alcohols and propylene oxide, then embedded in epoxy resin (Agar 100; Agar Aids, Cheltam, UK). Semithin sections were stained with toluidine blue. Ultra-thin sections were cut on a Reichert ultramicrotome, stained with lead citrate and uranyl acetate, and examined with a Siemens Elmiskop IA electron microscope.
Histoenzymology
The enzymes investigated in the study, along with their distribution in the rat hepatic lobule and their subcellular localization, are listed in Tible 1. For each enzyme reaction, 16-bm thick cryostat sections were incubated in the appropriate medium containing substrates, cofactors, the necessary electron carriers, and tissue stabilizers. A section from each liver was also incubated in a medium from which the appropriate substrate had been omitted (substrate-free control).
The histochemical techniques used for the detection of lactate dehydrogenase (LDH: EC 1.1.1.27), glutamate dehydrogenase (GDH: EC 1.4.1.3), bhydroxybutyrate dehydrogenase (HBDH: EC 1.1.1.30) were based on the deposition of reduced salts of nitroblue tetrazolium. Reduced nitroblue tetrazolium results from the reoxidation of the NADH produced by the specific enzymatic activity. Incubation media were essentially as described by Lillie (lo), with slight modifications: the co-factor used was 10 mM NAD', concentration of nitroblue tetrazolium was 0.6 mM, and 10 mM ethylmaleimide was added. Controls without NAD' were performed because of the "nothing dehydrogenase" phenomenon, i.e., secondary nonenzymatic reduction of nitroblue tetrazolium (11). In addition, results were immediately analyzed for confident interpretation. For detection of succinate dehydrogenase (SDH EC 1.3.99.1) and NADPH dehydrogenase (ND: EC 1.6.99.1). the media were essentially as described by Braakman (12) . Incubations were performed on acetone-fixed sections. For detection of glucose-6-phosphatase (G6P EC 3.1.3.9), we used the technique described Chiquoine (13) . and incubations were performed on frozen sections of unfixed tissue.
Immunohistochemistry
Antibodies. Rabbit anti-rat albumin was purchased from Nordic (Tilburg, The Netherlands). Rabbit anti-rat al-glycoprotein acid (aIAGP) was a gift from A. Drechou (Laboratoire de Biochimie Wntrale. UFR des Sciences Pharmaceutiques et Biologiques, Chatenay-Malabry. France). Rabbit antirat al-inhibitor 3 (a&) and anti-rat az-macroglobulin (a2M) were kindly provided by F. Gautier (Universiti Fran~ois Rabelais. Laboratoire des Proteines et des Liquides Biologiques, Tours, France). Species-specific peroxidaselabeled goat anti-rabbit immunoglobulin was from Biosys (Compiegne, France).
Immunohistochemical Technique. After proteolytic treatment with 2 ~g l m l proteinase K (Boehringer; Mannheim. Germany) (14). deparaffinized sections were sequentially incubated for 90 min with the specific antibody and for 90 min with the peroxidase-labeled antibody. The peroxidase reaction product was developed according to Graham and Karnovsky (15) . Control sections were incubated with PBS instead of the specific antibodies.
In Situ Hybridization
Molecular Probes. Probes for albumin and glutamine synthetase (GS) mRNAs were cDNA fragments. Albumin mRNA was detected using a 932 BP Pst I fragment of clone pRSA 13 (16). The probe for GS mRNA was a 715 BP Eco RI fragment of clone cGS4 (17) kindly provided by A.F.M. Moorman (University of Amsterdam, The Netherlands). ~1 1 3 , alM, and a1 AGP riboprobes were constructed in our laboratory. Original clones used were PRLAIIJ 23J (18) for a&, pRLAzM 29J (19) for a2M. both generously provided by G. Fey (Research Institute of Scripps Clinic, La Jolla, CA) and clone pAGP663 for alAGP (20) . This latter cDNA was amplified with the polymerase chain reaction by J. Elion (Laboratoire de Pharmacologie du Diveloppement, INSERM U120, HBpital Robert DebrP, Paris, France). The cDNA fragments subcloned were obtained after digestion with EcoRl and Bam HI for all3, Sac I and Xba I for a2M. Dra I1 and Bam HI for alAGP, and were located respectively at position 746-1158. 1906-2217 and 415-645 of the cDNA. The cloning vector used was pBluescript I1 SK (Stratagene; La Jolla. CA).
In Situ Hybridization Technique. cDNA probes were labeled with [ u -~~S I -~C T P (specific activity 6000 Cilmmol; Amenham, Les Ulis, France) by random priming (Amersham kit) to a specific activity of 3-10 x lo8 cpmlpg. Riboprobes were synthesized with T, and T7 Enzyme Pac-Kits (Epicenter: Madison, WI) and labeled with [u-~'S]-UTP. Tissue processing, hybridization, and washing conditions in the case of hybridization with cDNA were as previously described (9). For riboprobe hybridization, we used the technique described by Cox et al. (21) as modified by Farman et al. (22) . After dehydration, sections were processed for autoradiography with K5 emulsion (Ilford; Saint-Priest, France). Controls consisted of preincubating sections with 100 pglml RNAse A (Boehringer) before hybridization with cDNA, or hybridizing with sense mRNA in the case of riboprobes. 
Effects of Digitonin at the Tissue Level
In accordance with previous results (23), histological examination of tissue sections confiied that the effects of digitonin were sharply limited to one zone of the lobule. The surfaces of digitonin-altered liver tissue were variable from one lobule to another in the same rat and from one rat to another. Permeabilized hepatocytes were characterized by a strongly acidophilic cytoplasm and a dense and pyknotic nucleus. The trabecular architecture was preserved and permeabilized cells retained their normal shape. Normal-appearing hepatocytes were found immediately adjacent to digitoninpermeabilized ones (Figures la and Ib) . No histological alteration was visible in control animals.
Examination of semi-thin sections confirmed the histological observations. No transitional aspect between permeabilized and non-permeabilized hepatocytes could be identified.
Ultrastructural Appearance of Hepatocytes A f e r Digitonin Perfusion
As suggested by histological examination, the areas of digitonininduced alterations were strikingly delimited. The last layer of digitonin-altered hepatocytes was immediately adjacent to normalappearing cells and both populations retained their normal intercellular contacts (Figure 2 ). No transitional aspect was observed.
The ultrastructural appearance of non-permeabilized hepatocytes was normal. The two main ultrastructural characteristics of digitonin-altered hepatocytes were the near-complete disappearance of a recognizable plasma membrane and the highly reduced density of the cytosol (Figure 2 ). The plasma membrane was barely visible in all digitonin-altered hepatocytes. Isolated membrane vesicles were present along the sinusoidal and lateral faces of hepatocytes ( Figure 3 ). Canalicular membranes were also altered: no recognizable microvillus was usually present. Many spicules formed by the reaction of digitonin with cholesterol and tubular structures formed between digitonin and lysolecithins were observed along the cell limits ( Figure 3 ). The cytosol of digitonin-altered hepatocytes had a very low electron density. However, glycogen particles were still readily observed. Mitochondria were the most altered or-ganelles ( Figure 4 ). Their ultrastructural appearance was variable. In most instances they were swollen, with a clarified matrix and an enlarged intermembrane space. However, both inner and outer membranes were usually preserved. In some instances mitochondria were shrunken: their matrix was retracted, irregularly shaped, and was separated from the inner membrane by large vacuolar spaces. Cholesterol spicules were rarely observed along the mitochondrial membranes. The nucleus remained regularly shaped; the chromatin was dense and homogeneously distributed (Figure 4) . The perinuclear space and the cisternae of the rough endoplasmic reticulum were usually slightly dilated. Ribosomes were still attached to their membranes ( Figure 5 ). The smooth endoplasmic reticulum was vesiculated. Golgi apparatus was preserved ( Figure 6) . Golgi stacks, often dilated, contained many lipoproteins.
The effects of digitonin on sinusoidal cells were as sharply demarcated as those on hepatocytes. Altered endothelial cells and Kupffer cells had barely recognizable plasma membrane and their cytosol was much clarified (Figure 7 ).
Enzyme Activity in Hepatocytes ABer Digitonin Perfusion
In all control livers, histochemical detection of LDH, SDH, G6P, ND, and HBDH suggested that enzyme activities were distributed along continuous lobular gradients, in accordance with the literature (24-26) ( Table 2) . A moderate periportal predominance was found for LDH ( Figure 8a ), SDH (Figure 8c ), and G6P. Gradients for ND ( Figure 8e ) and HBDH were oriented from the perivenous zone to the periportal zone. GDH activity was restricted to a small compartment surrounding the centrilobular vein (Figure 8g ). For all these enzymes, we observed great variability of reactivity among hepatocytes located in the same area.
In all livers subjected to anterograde digitonin perfusion, periportal hepatocytes did not display any staining after incubation with LDH substrate (Figure 8b) . By contrast, the predominantly periportal SDH (Figure 8d ) and G6P were readily detectable in digitonin-altered hepatocytes and their gradient was retained. In all livers subjected to retrograde digitonin perfusion, activities of the predominantly perivenous ND ( Figure Sf) and HBDH were readily detectable in digitonin-permeabilized hepa- 
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Immunohistochemical results
In situ hybridization results tocytes and their gradient was retained. No staining after incubation with GDH substrate was detectable in the altered perivenous zone; however, significant staining was present in a variable proportion of mediolobular hepatocytes (Figure 8h ). Whatever the sense of perfusion, the levels of enzymatic activities in the morphologically intact zones of the lobule were comparable to those observed in controls.
Behavior of Plasma Proteins in Hepatocytes A f e r Digitonin Perfusion
In control livers, albumin, alAGP, azM, and ad3 proteins were expressed in all hepatocytes, with a slight gradient from the portal vein to the centrilobular vein (2,3) ( Table 2 ). In permeabilized hepatocytes, whatever the sense of perfusion and in all animals examined, cytoplasmic granules containing immunoreactive albumin (Figure 9, alAGP (Figure lo) , azM, and ad3 could be readily detected. This specific granular cytoplasmic staining was even more intense in digitonin-altered zones than in intact ones. On control sections incubated in the absence of primary antibody, no cytoplasmic granules were detected in permeabilized hepatocytes.
Behavior of Spec+ mRNAs in Hepatocytes A f e r Digitonit2 Perfusion
In control livers, glutamine synthetase "As were restricted to the few hepatocyte layers immediately surrounding the centrilobular vein ( Figure Ila; Xble 2 ). As for plasmaproteins, sections autoradiographed for 1 week showed high albumin mRNA expression in all hepatocytes. Expression predominated in periportal and mediolobular zones ( 2 ) . azM "As were present in all hepatocytes in normal liver, with a predominance in the periportal and mediolobular zones (3). High signal for a113 mRNA was also obtained, with a slight predominance in the periportal and the mediolobular zones (3) . alAGP mRNAs were below the limits of detection.
In digitonin-treated livers and in all the animals examined, no significant signal for GS mRNA was visible in perivenous hepatocytes after retrograde perfusion (Figure llb) , whereas the signal was unaffected after anterograde perfusion. In contrast, a significant hybridization signal for albumin (Figure 12a) , azM, and a113 mRNAs was detected in the periportal and perivenous permeabilized zones. The signal was higher in digitonin-permeabilized cells than in morphologically intact ones. It was clearly attenuated by RNAse A treatment before hybridization (Figure 12b ) or after hybridization with sense mRNA.
Discussion
In this work we show that: (a) despite striking morphological alterations, digitonin-permeabilized hepatocytes retain significant levels of certain enzyme activities, plasma proteins, and specific "As;
and (b) the effects of digitonin on the intracellular content of hepatocytes are actually limited to the morphologically altered cells.
The retention of significant levels of many intracellular constituents in digitonin-permeabilized hepatocytes might be predicted from the results of our ultrastructural examination. At the concentration used in our study, which is the concentration usually em- for (a,b) LDH, (c,d) SDH, (e,f) ND, and (g,h) GDH in normal rat liver (a,c,e,g) and in livers subjected to anterograde digitonin perfusion (b,d) or to retrograde digitonin-perfusion (f,h). Histochemical staining for membranebound enzymes (SDH,ND) is still observed after digitonin perfusion.
Conversely, no staining for non-membrane-bound enzymes (LDH,GDH) is obtained in the digitonin-altered zones. P, portal tract; C, centrilobular vein. Original magnification x 280. Bars = 20 pm.
ployed in the digitonin-collagenase technique, digitonin perfusion induces severe alterations of plasma membrane and cytosol but provokes only mild lesions of most intracellular membranes, particularly of those of the endoplasmic reticulum and the Golgi apparatus. This might be explained by the low cholesterol content of intracellular membranes as compared with that of plasma membranes (27). This characteristic could protect cytoplasmic organelles against the formation of large numbers of digitonin-cholesterol complexes. This might also explain why the ultrastructural effects of digitonin are in part dose dependent. Very low concentrations of digitonin have been used as fixation additives in certain electron microscopic techniques, without modifying cell ultrastructure (4). Conversely, a twofold higher digitonin concentration than the one used in our study has been shown to induce more severe ultrastructural intracellular lesions, including fragmentation and vesiculation of the endoplasmic reticulum and lysis of mitochondria (28).
As could be expected from our ultrastructural results, the behavior of membrane-bound and of non-membrane-bound enzymes is quite different after digitonin perfusion. Activities of membranebound enzymes, such as SDH, ND. HBDH, all associated with mitochondrial inner membranes, and G6P. associated with the endoplasmic reticulum, are retained in digitonin-permeabilized hepatocytes. In contrast, activities of the cytosolic enzyme LDH and of GDH, an enzyme of the mitochondrial matrix, are not detectable by histochemical techniques in the damaged zones. Since the histochemical demonstration of LDH and GDH is only indirect, based on the reoxidation of NADH by coupled flavoproteins, we cannot exclude the possibility that the lack of detectable enzyme activity is actually due to altered flavoprotein activity. However, since Hl3DH is detectable on serial sections using the same technical principle, this hypothesis is unlikely. Considering the plasma membrane lesions and the highly reduced density of the cytosol demonstrated by ultrastructural examination, LDH extraction is not surprising. In this respect, our histochemical results are in close accordance with earlier biochemical results (5). Two hypotheses concerning the absence of GDH detection can be proposed: (a) GDH protein is eluted from the mitochondrial matrix because of a modification in the functional permeability of the inner mitochondrial membrane; or (b) GDH protein is still present in the mitochondrial matrix but its activity is impaired. In the second hypothesis, the situation would be similar to that existing in the periportal zone of the rat hepatic lobule. Periportal hepatocytes contain significant levels of GDH protein ( 2 9 ) but express no corresponding enzymatic activity because of the lack of glutamate membrane carriers, which are restricted to the perivenous zone (30-32). It therefore cannot be excluded that digitonin perfusion induces the loss or the functional impairment of GDH cofactors in permeabilized perivenous hepatocytes, which could explain the lack of detectable histochemical activity for this enzyme.
Since the structure of the main organelles involved in the biosynthesis and exocytosis of secreted proteins is well preserved after digitonin perfusion, it might not be unexpected that significant quantities of plasma proteins could be detected in digitoninpermeabilized hepatocytes. This is confirmed by our ultrastructural demonstration of lipoproteins in the Golgi apparatus and our immunohistochemical detection of albumin and several acute-phase reactants in digitonin-altered cells. The apparent level of expression of mRNAs specific for secreted proteins, mainly present in ribosomes attached to the endoplasmic reticulum, is also preserved after digitonin permeabilization. In contrast, GS mRNAs could not be detected in digitonin-permeabilized hepatocytes. This might be due to the fact that GS, like other non-exported proteins, is synthesized by free ribosomes, which might be eluted from the cytosol after digitonin permeabilization. It is interesting to note that specific staining for proteins and hybridization signal for mRNAs were even greater in damaged zones than in the intact ones. This is most likely explained by the permeabilizing effect of digitonin. Detergents with comparable properties, such as saponin, are commonly used in immunohistochemistry to facilitate the tissue penetration by antibodies (33).
The fact that morphologically intact hepatocytes retain their normal structural and biochemical characteristics validates the digitonin-collagenase technique as a means for obtaining cell suspensions representative of either perivenous or periportal hepatocytes. However, the fact that several membrane-bound enzymes, plasma proteins, and specific "As are retained in detectable levels in digitonin-permeabilized hepatocytes might lead to several pitfalls in the use of digitonin for the study of metabolic heterogeneity in rat hepatic lobules. First, results of the biochemical analysis of cellular effluents obtained after digitonin perfusion must be interpreted with caution. Our morphological observations concur well with previous biochemical findings in showing that effluents from digitonin-permeabilized hepatocytes are good representatives of the so-called cytosolic fraction but not of the other intracellular compartments (5,23). In particular, digitonin perfusion is unsuitable for the biochemical demonstration of intralobular differences in membrane-bound enzymes and secreted plasma proteins. On the other hand, the fact that many intracellular constituents are retained in digitonin-permeabilized hepatocytes might introduce a bias into the digitonin-collagenase technique. Indeed, in cases of cross-contamination of periportal or perivenous cell suspensions by altered hepatocytes from the opposite zone of the lobule, preexisting tissular gradients of certain intracellular constituents would be significantly attenuated. Such a cross-contamination is not unusual, as shown by several previous biochemical observations. Indeed, weak GS activity is usually reported in periportal samples, allowing the establishment of a periportallperivenous ratio for this enzyme (28,30,34) . Signals for GS mRNA might be detected in samples considered as periportal, as reported by Watford and Smith (34).
In conclusion, if the digitonin-collagenase technique remains particularly useful for in vitro approach in lobular heterogeneity studies, the two possible pitfalls of this technique must be considered for confident interpretation of the results.
